ABSTRACT The transcription factor Pax6 is comprised of the paired domain (PD) and homeodomain (HD).
INTRODUCTION
Cellular differentiation is driven by a combinatorial action of lineage-specific DNA-binding transcription factors and extracellular signaling that results in activation and repression of specific batteries of genes, accompanied by dramatic changes in their chromatin structure. These transcription factors are molecular determinants of cell type specification and differentiation. To control cell fate decisions during development, a group of 'top hierarchy' transcription factors, including BSAP/Pax5, Gata1, Gata2, MyoD, Pax6, PU.1, Runx2, Sox9 and a few others (often called 'master' regulators), control expression of 'secondary' transcription factors to establish specific cell fates. The same transcription factors often control the expression of terminal differentiation products, such as globins (regulated by Gata1 in erythrocytes) and crystallins (regulated by Pax6 in lens). Interestingly, a number of lineage-specific transcription factors fulfill a dual role in activating specific genes in one cell type while repressing their expression in a different cell type. Consequently, reconstruction of gene regulatory networks (GRNs) in multiple cell types or tissues that are regulated by a common transcription factor can help elucidate specific molecular mechanisms that govern gene activation and/or repression during differentiation.
The lineage-specific and evolutionarily conserved transcription factor Pax6 exerts a multitude of critical roles in brain and eye development. In the brain, Pax6 functions in early stages of cortical neurogenesis (1, 2) and in differenti-ation of specialized types of neurons such as glutamatergic projection neurons (2, 3) as well as dopaminergic neurons in the olfactory bulb (4) . In the eye, Pax6 is essential for the formation of lens progenitor cells that form the lens placode (5, 6) . In parallel, Pax6 both controls formation of retinal progenitor cells and is essential for their multipotency within the optic vesicle neuroepithelium (7, 8) . Pax6 is also essential in both formation of retinal pigmented epithelium (RPE) (9) and corneal epithelium (10) . Finally, Pax6 regulates many subsequent stages of lens morphogenesis including the expression of crystallin genes (5) . However, little is known about the molecular mechanisms of Pax6 regulation in vivo as it is unclear how Pax6 is engaged in these diverse and tissue-specific cellular differentiation processes. Consequently, the structure and organization of Pax6-dependent gene regulatory networks (GRNs) in different cell types and throughout differentiation remain to be established. Use of genome-wide ChIP-seq platforms in conjunction with differential RNA profiling now opens new opportunities to reconstruct Pax6-dependent GRNs to unravel mechanisms of Pax6-mediated cellular differentiation.
Studies of chromatin and gene transcription have lead to a general model in which DNA-binding transcription factors recruit a plethora of chromatin remodeling complexes to dynamically regulate local chromatin structure (11, 12) . Genome-wide studies have shown that promoter regions are marked by H3K4me3 post-translational histone modification (PTM) and RNA polymerase II and that distal enhancers are marked by abundant H3K4me1 and H3K27ac core histone modifications (13) . Interestingly, certain enhancers (class II) even contain repressive H3K27me3 modifications (14) . In addition, some enhancers are also marked by RNA polymerase II and eRNA (enhancer RNA) transcripts (15, 16) . Embryonic stem (ES) cell differentiation has provided insight into the chromatin structure at the 'ground' state (17, 18) as well as information on transitions during the differentiation of specific cell types such as neuronal progenitors (19) . It has been shown that many developmental regulatory genes posses a 'bivalent domain' structure comprised of a broad H3K27me3 and a narrow H3K4me3 region at their promoters (17) . Ezh1/2, a catalytic subunit of the Polycomb group repressive complex (PRC), methylates H3K27 to H3K27me3 (18) . Upon receiving differentiation signals, the bivalent domain promoters adopt 'open' chromatin structure through removal of PRCs (18) . These differentiation processes are driven by top-hierarchy factors, e.g. Pax6, which is expressed in both early neural and lens progenitors. In both systems, Pax6 regulates cell type specification and total numbers of individual committed progenitors, including radial glial and lens placode cells (20) (21) (22) . Identification of genes directly regulated by Pax6 is required to explain how Pax6 mediates these 'global' roles. We have shown earlier that Pax6 directs multiple positive feed-forward loops both in lens (23) and RPE cells (9) to control expression of proteins encoded by terminally differentiated genes. Whether this specific molecular mechanism is more broadly used among DNA-binding factors during cortical development and differentiated lens remains to be determined.
Here we conducted comparative genome-wide study of Pax6 binding in mouse E12.5 embryonic forebrain and newborn lens chromatin. We examined binding with Pax6-dependent gene expression to identify those genes directly regulated by Pax6. Novel Pax6-dependent GRNs that contribute to the function of Pax6 were identified in both tissues. Analysis of RNA polymerase II, H3K4me1, H3K4me3, H3K27ac and H3K27me3 in ES cell, forebrain and lens chromatin was used to annotate both Pax6-bound and Pax6-free tissue-specific enhancers. Collectively, these studies revealed three types of in vivo consensus Pax6 DNAbinding sites (PD, PD/HD and HD), determined the proportion of lens-specific promoters and enhancers occupied by Pax6, and established novel GRNs that regulate cortical neurogenesis and lens differentiation.
MATERIALS AND METHODS

Antibodies
The antibodies recognizing H3K4me1 (Abcam, ab8895), H3K4me3 (Abcam ab8580), H3K27ac (Millipore, #07-360), H3K27me3 (Millipore, #07-449), Pax6 (Millipore, ab2237), and RNA polymerase II (Abcam ab817) were used in ChIP-seq and qChIP assays.
Chromatin immunoprecipitation and library preparation
Forebrain (E12.5) and newborn (P1) lenses of CD-1 mice (Charles River Laboratories) were dissected as described earlier (24) . Dissected tissues were kept at −80
• C. Tissue (100 mg) was freshly crosslinked with 1% formaldehyde for 15 min at room temperature. Tissue was then homogenized in a Dounce glass homogenizer (pestle B) with 10 ml of lysis buffer A (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1× protease inhibitors). Lysate was centrifuged at 2000 rpm for 10 min and supernatant was discarded. The pellet was resuspended in 3 ml of lysis buffer B (10 mM TrisHCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.2% SDS) and sonicated (settings: 40% amplitude, 15 s on 45 s off, 10 min in total) in a dry ice/ethanol bath. Lysate was collected by centrifugation (12 000 x g) for 15 min and the supernatant was collected for immunoprecipitation. Sonicated lysate was clarified by centrifugation at 4
• C for 15 min. Chromatin was diluted in buffer C (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, 1× protease inhibitors) and preclarified with Protein G Dynabeads (Invitrogen). Each immunoprecipitation was performed with 5-10 g antibodies. After overnight incubation at 4
• C, 50 l of Dynabeads were added and incubation was continued for 1 h. Beads were sequentially washed two times in buffer B or C, two times in wash buffer (0.1% SDS, 1% Triton X-100, 1mM EDTA, 20 mM Tris-HCl [pH 8.1], 500 mM NaCl), two times in LiCl buffer (100 mM Tris-HCl [pH 8.1], 500 mM LiCl, 1% NP-40, 1% Na deoxycholate), and finally once in Tris-EDTA. Antibody-bound chromatin complexes were eluted by incubating for 15 min at 25
• C in 250 l of elution buffer (50 mM Tris-HCl [pH 8.1] and 1% SDS). Incubating samples at 65
• C overnight reversed crosslinking. Samples were digested with proteinase K for 1 h at 56
• C and phenol-chloroform extracted. The DNA pellet was disNucleic Acids Research, 2015, Vol. 43, No. 14 6829 solved in water and used for downstream qPCR or library preparation.
ChIP-seq analysis, initial assignment of peak regions and peak visualization
Sequencing of Pax6 and histone ChIP-seq experiments was performed on Illumina HiSeq 2500 and Genome Analyzer IIx instruments. ChIP-seq reads were processed by the Einstein WASP analysis pipeline (25) and aligned to the mouse genome (GRCm37/mm9) using Bowtie (26) , with the option '-tryhard' used to find valid alignments for low quality reads. For Pax6-binding and histone modifications (H3K4me3 and H3K27ac) with sharp enriched regions, peaks were called using the MACS2 program (27) with default settings. For histone modifications with broadly enriched regions (H3K4me1 and H3K27me3), peaks were called using the SICER program (28) with default settings. Where multiple ChIP-seq replicates were available, reads from all replicates were pooled for final peak calling. We also filtered out peaks that mapped to the modENCODE blacklisted genomic regions (29) . The IGV browser (30) was used for data visualization. The program MAnorm (31) was used to find tissue-specific Pax6 peaks, with 0.01 as pvalue cutoff (for unique peaks) and default for the rest of the settings. The data were deposited into GEO under an accession number GSE66961. ES cell ChIP-seq data were downloaded from the GEO (GSM1000099, GSM1000089, GSM881352, GSM769008, GSM918749) (32, 33) .
Unbiased analysis of enriched DNA motifs in Pax6-bound regions MEME 4.9.0 (34) and MEME-ChIP (35) suites were used to find de novo enriched motifs within 200 bp sequences centered on the summits of the Pax6 peaks. The enrichment of known motifs from JASPAR (36) and de novo identified motifs from MEME, as well as previously identified Pax6 motifs (23) was determined by using MAST (37) .
Identification of genes with Pax6 binding and data visualization
The association of Pax6-peaks to genes was carried out by in-house scripts using the RefSeq (38) annotation, downloaded in February 2013 from the UCSC Genome Browser (39) . This annotation contained 31 864 transcripts from 23 397 genes, including both protein-coding and non-coding genes. The script assigned peaks to genes in a step-wise manner: to promoter regions (−2 kb to +2 kb of transcriptional start sites, TSSs), to exons, to introns, or to distal regulatory regions (−50 kb of transcription starts to +50 kb of transcription ends). Only the gene with the closest TSS was selected when mapping peaks to either promoter regions or distal regions. A peak could be mapped to multiple genes, but only if it was located to exons or introns shared by multiple genes or if is equidistant from the TSS of multiple genes.
The heatmaps to visualize ChIP-seq data were generated by the seqMiner program (40) , which calculated ChIP-seq read density and resulted in an array that consisted of the maximal number of overlapping ChIP-seq reads (extended to 200-bp) in 50-bp bins from −5 kb to +5 kb of the Pax6 peak summits. The enrichment of the sequencing-depthnormalized reads over those of input experiments for each cell type was calculated. The final matrix of enrichment values was used to generate profile plots in the R package.
Reanalysis of Pax6-dependent gene expression
For forebrain differential expression analysis, we utilized Pax6 null mutant versus WT microarray expression data from GSE38703 (22) . We averaged probes that were assigned to the same gene across replicates to get an average ratio for the forebrain expression. We selected a ratio of 1.5 for a gene as a cutoff for Pax6-dependent expression. For lens, we used lens Pax6 conditional knockout versus WT microarray expression data and differential gene identification from (41) .
Secondary validations by qChIP and qRT-PCR
Secondary validations of selected genomic regions by qChIP were conducted using independent chromatin material using the standard curve normalization as described earlier (23, 42) . Differentially expressed transcripts between E9.5 Pax6 −/− conditionally inactivated and wild type lens placode (24) were examined by qRT-PCR as described earlier (24) . In addition,E12.5 Pax6 −/− forebrain was generated by crossing Pax6 lacZ/+ mice (43) . Transcripts that were differentially expressed between E12.5 wild type and Pax6 −/− forebrain were examined by qRT-PCR as described earlier (24) . The primers are listed in Supplemental  Table S1 .
RNA-seq sequencing, analysis and data processing
Mouse tissues were freshly dissected and homogenized in Trizol reagent, and total RNA was extracted using Trizol. The purified RNAs were treated with DNaseI and RNA integrity was checked by bioanalyzer. Sequencing of RNAseq experiments was performed on an Illumina HiSeq 2500 instrument. The reads were processed by the Einstein WASP analysis pipeline (25) and aligned to the mouse genome (GRCm37/mm9) using TopHat (v2) (44) . Genes studied in the analysis are from Illumina iGenomes gene annotation with UCSC data source mm9 (ftp://igenome: G3nom3s4u@ussd-ftp.illumina.com/Mus musculus/ UCSC/mm9/Mus musculus UCSC mm9.tar.gz).
The Cuffdiff tool in the Cufflinks package (v2) (45) was used to determine RPKM (Reads Per Kb exons per Million mapped reads), with default geometric mean normalization and the options of correcting for sequence bias and multiple hits.
RESULTS
In vivo identification of Pax6-binding regions in forebrain and lens chromatin within known and novel genes by ChIP-seq
In contrast to earlier studies of Pax6-binding in vivo, which used promoter ChIP-chip in forebrain, lens and pancreas chromatin (24, 46) , ChIP-seq analysis provides whole genome data with much improved signal to noise ratio (47).
In E12.5 forebrain and newborn lens chromatin we found comparable numbers (3514 and 3723, respectively) of Pax6 'peaks' ( Figure 1A ). Among those peaks, ∼2500 (i.e. ∼70%) were shared between the two tissues. To illustrate the specificity of tissue-specific Pax6 peaks, we examined ChIP-seq enrichment signals (by number of normalized reads) at peak summits. We found that both forebrain-and lens-specific peaks exhibited higher enriched ChIP-seq signals compared to the shared peaks and only background signals were observed in the other tissue (Supplementary Figure S1A) . Partition of Pax6 peaks based on their locations within the gene body (exons and intron), in promoters, or in distal or intergenic regions revealed that the promoters, intron and distal regions contained the majority of Pax6 binding, while intergenic ('far' distal) regions had less representation, relative to the genome-wide expectation ( Figure 1B) .
A representative panel of six loci occupied by Pax6, including Pax6, Cryaa, Crybb3, Fezf2, Mab21l1 and Ngn2, is shown to illustrate Pax6-bound peaks at the individual gene level ( Figure 2 ). Pax6 is known to autoregulate its own expression via an ectodermal enhancer (EE) found in the 5 -flanking region of the P0 promoter (48-50), which we identified here in the forebrain chromatin. A common novel peak region was found between exons 7 and 8 in both forebrain and lens chromatin ( Figure 2 ). In addition, three novel peaks were found at positions −16, −14.5 and −11 kb upstream of the P1 promoter only in lens chromatin. These findings suggest that Pax6 autoregulation employs additional enhancers that may also be required for initiation of Pax6 expression in the surface ectoderm prior the EE (48) (49) (50) . Cryaa, encoding the ␣A-crystallin, is a highly expressed lens-specific gene regulated by Pax6 (42) . As expected, Pax6-binding was found in the distal (∼8 kb) DCR1 enhancer in lens (42) but not in forebrain chromatin (Figure 2 ). Crybb3 is another crystallin gene; however its transcriptional control is unknown. We found here that Pax6 binds to its proximal 5 -flanking promoter in lens but not in forebrain chromatin ( Figure 2 ). Fezf2 is a zinc-finger transcription factor that directs differentiation of multipotent proneural cells in the subventricular zone (SVZ) of the prospective cerebral cortex (51) . Pax6 binds to its 3 -distal region of Fezf2 in forebrain but not in lens chromatin (Figure 2) . Mab21l1 is an important Pax6-dependent regulatory gene (24, 52 ) that protects cells in the invaginating lens placode from apoptosis by an unknown mechanism (52) . Pax6 binds to Mab21l1 promoter and distal 5 -region (−31 kb) in both lens and forebrain chromatin ( Figure 2 ). Neurogenin 2 (Ngn2) is a bHLH transcription factor directly regulated by Pax6 in dorsal forebrain (53) . Two Pax6-binding regions were found −7.2 and −0.4 kb from the transcriptional startsite (TSS) in forebrain but not in lens chromatin ( Figure 2 ). Taken together, the present ChIP-seq studies provide new and useful insights to understand the molecular basis of forebrain and lens-enriched gene expression and serve as 'reference' for analysis of Pax6 at different developmental stages in mouse embryos or during ES-cell differentiation towards specialized neuronal cells.
Identification and characterization of in vivo Pax6 DNAbinding sites
To identify de novo DNA sequence motifs enriched in the Pax6 peaks, we used the MEME suite (as described in Material and Methods). The motif analysis of Pax6 peaks was conducted separately for the forebrain and lens data and revealed multiple motifs ( Figure 3 ). The top motif (E-value 3.2e −389 ) found in forebrain chromatin is a 15 bp sequence that resembles in vitro defined Pax6-binding site recognized by the paired domain (PD) (54); this motif is enriched at the peak summits ( Figure 3A ). The top motif (E-value 9.8e −326 ) found in lens chromatin is nearly identical ( Figure 3A) . Interestingly, the 3 -region of the bipartite PD binding site, though not optimal for PD binding in in vitro assays (55, 56) , corresponds to the de novo sites identified here. Taken together, the de novo identified common motifs were found in over 3000 individual peaks immunoprecipitated by antibody specific to C-terminal region of Pax6 and establishes the in vivo Pax6 consensus binding sequence.
The second most frequent motif (E-value 3.0 e −102 ) found in forebrain chromatin is a 6 bp sequence with a highly conserved ATTA motif and a preferred occurrence around the peak summit regions ( Figure 3B ). The second most frequent motif (E-value 1.3e −109 ) found in lens chromatin is a 15 bp sequence that resembles the AT-rich binding sites of forkhead proteins ( Figure 3B ); nevertheless, a closer inspection revealed a distinct 5 -ATTA-3 motif known to be recognized by many homeodomain-containing transcription factors (57), including Pax6 (23, 58) . Out of more than 70 Pax6-binding sites none examined by in vitro protein-DNA studies contain just the ATTA motif, such as the AT-rich sequence (called G1 element) that binds Pax6 via its PD but not HD in the rat glucagon promoter (59) .
To further characterize DNA sequences recognized by Pax6, we conducted additional analyses. An appreciable number of Pax6 promoters and enhancers are comprised of multiple adjacent Pax6-binding sites (23, 53, 59, 60 ). Thus, we tested if some Pax6 peaks contained multiple Pax6-recognition sites. In both forebrain and lens chromatin, we indeed found a large but comparable number of Pax6 peaks (16.5% and 15.4%, respectively) containing multiple (n = 2-4) instances of the predicted PD-motif (Table 1) . Earlier studies identified 10 Pax6-binding sites where the ATTA HD-recognition motif is immediately located to the 5 end of the PD binding sequences, forming the Pax6 HD-PD recognition site (23, 61) . Here, we detected the co-existence of the Pax6 HD-PD motifs in 31.4% and 26.6% of the PD motif contained Pax6 peaks in forebrain and lens, respectively (Supplementary Figure S2A, B) . Finally, Pax3 and Pax7 proteins have similar molecular structures and conserved DNA binding domains as Pax6 (62, 63) . ChIP-seq analysis of Pax3-and Pax7-binding in myoblast chromatin identified similar consensus sequences for both these proteins; nevertheless the HD sequences were more abundant than the PD motif (64) . Specifically, the prevailing motif of Pax3/7 is comprised of two ATTA palindromes separated by two base pairs, 5 -TAATTGATTA-3 , suggesting a cooperative binding mediated by two Pax3/7 HDs (Supplementary Figure S2C ). The 10 bp Pax3/Pax7 PD motif (Supplementary Figure S2C ) (64) is comprised of nucleotides that (54, 60, 65) . From these data we propose that in vivo DNA-binding preferences of Pax6 are both quantitatively and qualitatively different from the structurally similar Pax3 and Pax7 proteins.
Pax6-dependent and direct gene regulation during forebrain and lens development
To identify genes directly regulated by Pax6 in forebrain and lens, we linked Pax6 peaks to their adjacent genes (see Materials and Methods), and studied the expression of Pax6-bound genes upon Pax6 gene expression reduction. A number of earlier studies examined differential gene expression in mouse E12 (66), E12.5 (22) , E14 (67) and E15 (66) wild type and Pax6 −/− cortices. In lens, transcriptome analysis of E9.5 and E10.5 lens placodes (mutated prospective lens ectoderm) (68, 69) or E14.5 lens (41) were conducted following conditional inactivation of Pax6. By comparing differentially expressed genes obtained with microdissected E12.5 cortices (22) (Figure 4) . In lens, the top five functional categories include DNA-binding transcription factors, cell surface receptors and their ligands, intracellular signaling molecules, cytoskeletal proteins, and extracellular matrix (ECM) proteins. Notably, many of these proteins function in Wnt signaling and cell polarity control. We found that direct Pax6 targets in both tissues were slightly enriched in comparison to all Pax6-bound targets in each tissue for HDmotif containing Pax6 peaks (∼5% increase), but only forebrain direct targets had a preference for PD motif containing peaks (∼10% increase)
Validation of differential gene expression and Pax6-binding
Among the 90 genes identified in forebrain (191 in lens), several of them have been reported previously as Pax6 targets (22, 24) , but the majority of them are novel Pax6 direct targets. To independently demonstrate their dependence on Pax6, we conducted analysis of mRNAs and qChIPs in both tissues of interest. Our qChIP studies validated Pax6-binding regions in Ascl1, Ccnd1, Dmrta1, Emx1, Emx2, Ephb1, Fezf2, Ngn2, and Pax6 in E12.5 forebrain, and Fgfr2, Mab21l1, Pax6, and Prox1 in lens chromatin (Figure 5A) . In addition, studies of transcripts encoding Dmrta1, Ngn2, Pax6, and Prox1 showed that these genes were down-regulated in mutated forebrains while expression of Ascl1, Emx2, Ephb1, Fezf2, and Gsx2 were up-regulated ( Figure 5B ). Interestingly, while Bcl11b, Ccnd1, Foxp2, and Mab21l1 had Pax6-binding, there was no change in their ex- pression in forebrain ( Figure 5B , data not shown). Finally, down-regulation of Pax6, Prox1 and c-Maf was found between wild type E9.5 lens placodes and Pax6 depleted surface ectoderm ( Figure 5B ). In sum, these RNA data validate earlier gene-expression studies in both forebrain (46, 70, 71) and lens (24, 68) .
Distribution of Pax6 sites within promoters and enhancers and the regulatory effects
To better understand partition of chromatin in forebrain and lens related to the presence of Pax6, we determined localization of RNA polymerase II and four core histone PTMs, including H3K4me1, H3K4me3, H3K27ac and H3K27me3. These PTMs and their specific combinations are known to mark active, poised and inactive promoters and enhancers (13) . We also included previously published PTM data from mouse ES cells (32,33) as a 'ground state' chromatin for embryonic development. We computed ChIP-seq read densities in ±5 kb regions of the 3514 Pax6 sites in forebrain and 3723 in lens chromatin ( Figure 1A ) and clustered the data by k-means clustering using the seqMINER software (40) , generating heatmaps as shown in Figure 6A , B. The results revealed eight clusters of Pax6 peaks in the forebrain and seven in the lens each with unique combination of chromatin marks. Clusters I to III from the ESC-forebrain comparison and clusters I and II from the ESC-lens comparison were marked by H3K4me3 in forebrain or lens, as well as in ES cells, and thus represented Pax6-bound gene promoters. Indeed, about 50% (229/459 in forebrain and 185/373 in lens) of these Pax6 peaks are within Refseq annotated promoters. In contrast, clusters IV (III) to VIII in forebrain (VII in lens) tended to colocalize with various combinations of H3K4me1 and H3K27ac, suggesting that these regions were Pax6-bound enhancers. While 22.7% of forebrain Pax6 binding sites had high levels of H3K27me3 proximal to the peak, there were almost no Pax6 peaks with H3K27me3 in lens, an interesting finding that may be due to the highly differentiated status of lens cells (see below). At the genome-wide level, we have also examined genomic regions enriched with the four PTMs and RNA polymerase II ChIP-seq signals. To interpret these data, we took the advantage of experimentally validated correlations between specific PTMs and individual promoter/enhancer activity (13, 14) . The results are given in Table 2 . Of the ∼ 32 000 genes in the mm9 mouse annotation, we observed that 13 734 and 14 880 of the annotated promoters were putatively active (marked by the presence of RNA polymerase II and H3K4me3) in forebrain and lens, respectively, of which 324 and 324 were bound by Pax6 in forebrain and lens. Even with the most generous promoter-Pax6 association, Pax6 bound no more than 1.4% of promoters and 2.4% of active promoters.
With regard to transcriptional enhancers, we found a greater number of active enhancers in forebrain (13 852) than in lens (4998), marked by high abundance of both H3K4me1 and H3K27ac. Among them, a total of 949 (6.9%) and 625 (12.5%) overlapped with Pax6 binding regions in forebrain and lens, respectively (Table 2 ). Recent genome-wide studies have identified two additional subtypes of enhancers: one marked by RNA polymerase II (transcribing eRNA) (15, 16) and the other with abundant H3K27me3 (class II) (14) . In forebrain, we found 49 (5.2%) eRNA and 342 class II (36.0%) Pax6-bound enhancers, which both target neuronal differentiation genes. In lens, we found reduced numbers of only 21 (3.4%) eRNA and 46 class II (7.4%) enhancers, which did not show significant enrichment for any gene ontology terms. Taken together, while Pax6 binds to ∼1/40 of the active promoters, it binds ∼1/10 (6.9-12.5%) of all active enhancers ( Table 2 ). The identification of an appreciable number of enhancers marked by H3K27me3, especially in forebrain chromatin, is interesting as H3K27 residues are substrates for competing (i.e. H3K27ac versus H3K27me3) PTMs.
To address how chromatin environment may affect Pax6 regulating its targets, we examined which genes located in specific clusters were more likely to respond to Pax6 binding, by differential expression data in Pax6 conditionally inactivated or null tissues. In forebrain, we found that the clusters with the largest fractions of genes exhibiting differential expression were clusters III and V, 15.2% and 6.7%, respectively ( Figure 6A ). Interestingly, these clusters had increased H3K27me3 enrichment in forebrain. Unlike in forebrain, the clusters with the largest fraction of genes with differential expression upon deletion of Pax6 in lens were those with active enhancer marks, clusters IV-VI, where 10.9%-14.0% of the genes were differentially expressed ( Figure 6B ). These results suggest that chromatin environment may have a different effect on the regulation of Pax6 targets in forebrain and lens.
Comparing ES cell, forebrain and lens chromatin, we found that a subset of Pax6-bound regions was enriched with H3K27me3 and H3K4me1/H3K27ac in forebrain (clusters V and VI, Figure 6A ). This enrichment was not observed in ES cell chromatin nor was it detected in lens Pax6-bound regions, suggesting that those Pax6-bound regions may represent class II enhancers (14) , repressed at neural progenitors but poised for later stages of neuronal differentiation or brain development. The lack of H3K27me3 marking Pax6-bound regions in lens is also interesting; however, it may be due to the reduced amounts of H3K27me3 in differentiated lens cells, as immunofluorescence analysis of H3K27me3 during lens development revealed that this modification is significantly reduced in newborn compared to the embryonic lens (Supplementary Figure S4) . In contrast, in lens, the enhancers identified in cluster VI were formed from initially relatively highly abundant H3K27ac-enriched regions, the poised enhancers ( Figure  6E ). Finally, lens cluster VI reflected the transition from repressed (in ESC, marked by H3K27me3) to activated enhancers, marked by abundant H3K4me1 and H3K27ac histone PTMs ( Figure 6F ).
Pax6, enhancers and transcription
To link the chromatin signatures of Pax6-bound regions with transcription, we conducted RNA-seq to establish E12.5 forebrain and newborn lens transcriptomes (separating lens epithelium and lens fiber cells). We first examined the genes with significant expression differences in forebrain and lens ( Figure 7A ), identifying 155 genes that were ex- pressed 20x higher in forebrain than in both lens epithelium and fiber cells, and 98 genes expressed 20x greater in lens. As expected, these genes are enriched with functions critical for either forebrain development or lens development ( Figure 7A , bottom), such as Emx1/2, Dlx1/2, Nkx2.1 and Neurog2 for forebrain, and Lim2, Aldh1a1 and 13 crystallin genes for lens. While 1.6% of the mouse genes were bound by Pax6 only in forebrain, 20 (12.9%) of the 155 forebrain high-expressing genes had Pax6 binding only in forebrain. Conversely, 18 (18.4%) of the 98 lens highexpressing genes had Pax6 binding only in lens, whereas only 2% of the mouse genes had such a pattern. These genes included Emx1/2, Neurog2 and Igfbpl1 for forebrain and Cryaa, Crybb3 and Iggfbp7 for lens. At a more global level, we found that in both tissues the Pax6-bound genes in combination with the presence of H3K4me3/RNA polymerase II (cluster I) tended to be highly expressed compared to all genes bound by Pax6. Similarly, genes bound by Pax6 in combination with strong H3K4me1/H3K27ac and without H3K27me3 (clusters VII in forebrain and VI in lens) also tended to be highly expressed. Finally, genes bound by Pax6 and H3K27me3 (clusters V and VI in forebrain) were more likely to be lowly expressed (data not shown).
Finally, given the recent interest in large chromatin domains with extended active histone modifications in mammalian development (72, 73) , we examined whether our data sets contain extended and broad regions with enriched H3K27ac as previously described (72) . We identified a total of 308 and 301 of such extended enhancer domains in the mouse forebrain and lens, respectively. Interestingly, ∼1/3 of these regions (97 in forebrain; 112 in lens) also contained Pax6 binding (see four examples in Figure 7C ), significantly more than expected by chance (binomial P-value < 4.7E-59). These regions are significantly enriched with genes important for forebrain and lens development and functions. Their tissue-specific functions and the role of Pax6 in the formation of these large enhancer domains, however, need further investigation.
Pax6-dependent GRNs and cortical neurogenesis
The onset of cortical neurogenesis is concomitant with the transition from neuroepithelial stem cells into radial glial (RG) stem cells followed by direct or indirect neurogenesis (1, 2) . At the molecular levels, multiple cell signaling pathways have been implicated in this transformation. A sparse group of transcription factors, mostly from HD and bHLH families, have been shown to function in RG cells and in the generation of basal progenitors. Expression domains of these factors vary between dorsal and ventral progenitors including at the dorso-ventral boundary established at E12.5. The present data show that Pax6 directly activates dorsally expressed transcription factors, including Dmrta1, Emx1, Helt and Ngn2, while it directly represses expression of ventral factors, such as Ascl1/Mash1, and Gsx2, in the boundary region between the dorsal (pallium) and ventral (subpallium) regions of the telencephalon. In addition, Pax6 appears to repress expression of Fezf2, expressed dorsally. We integrated these data into previously established regulatory interactions between Pax6/Ngn2 and Pax6/Gsx2 identified through earlier analyses of corresponding mouse mutants (53, 74) and Pax6 ChIP-chip studies (22) . The expanded GRNs that control early stages of cortical neurogenesis demonstrate that Pax6 is engaged in multiple positive and negative feed-forward loop subcircuits comprised of DNA-binding transcription factors (Figure 8) .
In dorsal telencephalon, two consecutive feed-forward loops include transcription factors Pax6, Dmrta1, Ngn2 and Tbr2 and operate in the radial glial cells ( Figure 8A ). Within the network comprised of DNA-binding factors Pax6 and Fezf2, and ephrin B1 (Ephb1, membrane protein and ligand of Eph-related receptor tyrosine kinases), positive and negative feed forward loops form a novel regulatory circuit ( Figure 8B ) that links Pax6 activity with the regulation of cell cycle exit (via Ccnd1 and Cdk6) and axon guidance (via Ephb1). In addition, the transcription factors Fezf2 and Bcl11b/Ctip2 also control projection identities via a complex network, including Tbr1, Bhlhb5 and Satb2 transcription factors ( Figure 8C ) (75) . In the border region, our data now show that Pax6 directly represses HD factor Ascl1 ( Figure 8D ), a key regulator of neurogenesis in the ventral telencephalon (76) . Earlier studies have shown that Pax6 also represses expression of Gsx2 (70, 71) , a HD-containing multifunctional regulator of selfrenewal and differentiation of radial glial cells. Among the remaining transcription factors regulated by Pax6, including Emx1 and Helt/Hesl/Mgn (activated group) and Foxp2, Lmo1 and Zfhx3 (repressed group), only genes directly regulated by Foxp2 (77) have been identified. We conclude that Pax6 is a pleiotropic direct regulator of neurogenesis (via regulation of multiple bHLH factors such as Ngn2 and Helt/Hesl/Mgn), cell cycle regulation (via Ccnd1 and Cdk6) of radial glial cells, and axonal guidance (via Ephb1).
Pax6-dependent GRNs and embryonic lens development
The present data show that Pax6 directly regulates Prox1 and Mab21l1 ( Figure 9A ). Prox1 regulates expression of various ␤/␥ -crystallins (78, 79) . Pax6 also regulates expression of Foxe3 (80) . Interestingly, expression of Foxe3 is attenuated in the severely disrupted lens placode of Mab21l1 −/-embryos (52). Taken together, Pax6 directly regulates the expression of an increasing number of regulatory genes, including c-Maf, Foxe3 and Prox1, within the crystallin-specific GRN.
It has been shown earlier that cell cycle exit of lens precursor cells in the posterior part of the lens vesicle is regulated by a combination of BMP and FGF signaling (81) . In vivo, the inactivation of transcription factors Pax6 (82), Gata3 (83), Pitx3 (84), Prox1 (79) , and Rbpj (85,86) (a nuclear target of Notch signaling) disrupted cell cycle exit. Reduced expression of Etv1/ER81 was found when FGF receptors were inactivated in the differentiating lens (87) . Depletion of Prox1 in the lens vesicle inhibited expression of negative regulators of Cdks, including Cdkn1b/p27 Kip1 and Cdkn1c/p57
Kip2 (79) . The present data show that Pax6 binds regulatory regions of Fgfr2, Prox1 and cyclin D1 (Ccnd1). As all of these genes have altered expression following somatic loss of Pax6 from the lens, we infer that these genes are directly regulated by Pax6 in lens cells ( Figure 9B ).
Our data also show that Pax6 directly regulates expression of multiple 'early' components of Wnt signaling in lens, including Bcl9l, Ccnd1, Dkk3 (88), Lrp6 and Wnt7a (Figure 8C , D) consistent with recent data showing that zinc finger-containing protein Bcl9l regulates lens Wnt signaling independent of ␤-catenin (89). Pax6 directly regulates expression of 10 genes that can be classified within a broader group of 'actin-binding, cytoskeleton, filopodia and Wnt signaling' (90), including Arhgef7/Pak3bp, Bcl2l11/Bim, Daam1, Hook1, Kank1, Lin7a, Lix1, Palld, Rock1 and Shroom4 ( Figure 9D ). Finally, Pax6 also directly regulates expression of four novel genes related to extracellular matrix (ECM), including laminin1 (Lama1), collagens (Col6a1 and Col13a1), and collagen binding proteins (Col4a3bp) ( Figure 9E ). Taken together, the present data expand our knowledge about the full range and spectrum of lens morphogenesis that directly requires Pax6.
DISCUSSION
Genome-wide identification of Pax6-directly regulated genes in forebrain and lens is required to gain new insights into molecular mechanisms that govern formation of both tissues. Reconstruction of Pax6-dependent GRNs revealed repetitive utilization of three common regulatory mechanisms, including feed-forward loops, top to bottom pathway control, and use of multiple types of active chromatin assembled at the distal enhancer regions. In this study, we mapped Pax6-binding sites throughout the entire embryonic forebrain and newborn lens chromatin including a set of key histone PTMs. Specific combinations of these PTMs, coupled with data on RNA polymerase II localization, are associated with promoters and enhancers. Earlier studies to determine genes regulated by Pax6/Eyeless at genome level were based on the initial prediction of putative Pax6 binding through the use of a consensus-binding site for Pax6 PD within evolutionary conserved non-coding regions (71, 91) . More recently, unbiased identifications of Pax6 regions were facilitated through the use of a ChIP-chip platform (24, 46) ; however, the outputs were limited to approximately 10 kb promoter regions printed on the arrays. In contrast, the data generated here show that the majority of Pax6-binding occurs at distal regulatory regions and revealed distinct types of putative enhancers bound by Pax6. Importantly, our data show that 7-13% of all active enhancers are occupied by Pax6, a range that indicates the selectivity of Pax6 binding as well as extensive utilization of Pax6 within these enhancers. Furthermore, we showed that Pax6 binding in the context of H3K4me1/H3K27ac was highly enriched at targets that were differentially regulated upon Pax6 gene targeting.
Mammalian cortical development is directly connected to cell fate decisions of radial glial cells. Neurons develop from radial glial cells by two related processes known as direct and indirect neurogenesis (2) . Radial glial cells can undergo two types of cell divisions in the ventricular zone, including self-renewal by symmetric cell division and asymmetric cell division. The outcome of the asymmetric division results is the generation of another radial glial cell while the other cell differentiates toward its neuronal fate (1, 2) . Genetic studies of Pax6 have shown that Pax6 is involved in the decisions of progenitors to self-renew or differentiate (92, 93) . In addition, Pax6 is essential for patterning and regionalization of the neocortex as well as for differentiation of special types of neurons (94) . It has been shown earlier that Pax6 directly regulates multiple genes that control radial glial cell proliferation through Hmga2, Fab7, Cdk4, and Cdk6 (22, 46) . The present data add cyclin D1/Ccnd1 into this network ( Figure 8B ) though additional studies are needed to probe this mechanism at the protein level. Additionally, the present data demonstrate direct regulation of Ccnd1 by Pax6 in forebrain while lens studies raise the possibility that Pax6 also directly regulates Hmga2 in radial glial cells as well as in retinal progenitor cells (95) . Our data also show that Pax6 directly regulates Bcl11b ( Figure 8B ), which is known to regulate expression of Cdkn1c/p57 Kip2 (96) .
Regarding dorso-ventral patterning of the telencephalon, loss of Pax6 leads radial glial progenitors to convert from having dorsal characteristics to having ventral characteristics (21) . The present data ( Figure 8A , C, D) have identified novel regulatory mechanisms, including direct repression of Ascl1, Bcl11b and Ebf1 by Pax6. The novel genes directly activated by Pax6 include Dmrta1, and expand the number of genes encoding transcription factors that regulate neurogenesis in conjunction with Pax6, such as Ngn2, Foxp2 and Etv1/ER81 (71, 97) . Expression of Dmrta1 is also regulated by Pax6 in rat telencephalon (98) . Notably, the novel Pax6-dependent GRNs identified here are comprised of both positive and negative feed-forward loops, a universal feature of Pax6 networks we identified earlier in lens (23) and RPE (9) . It is possible that evolution of such GRN subcircuits controls both robustness of the system and enables integration of upstream signal transduction pathways to target multiple (two or three) transcription factors to generate local specificity of the signaling. Since Ascl1 and other proneural genes are also expressed in retinal progenitor cells and repressed by Pax6 (99) , some of the regulatory mechanisms identified here can also function during retinal development.
Like in radial glial cells, Pax6 is known to regulate cell cycle exit during lens fiber cell differentiation (82) . A combination of BMP and FGF signaling has been shown to regulate this process (81) ; however, the intrinsic nuclear factors and their target genes involved in cell cycle exit regulation remain poorly characterized. The present data establish a molecular mechanism where Pax6, through direct regulation of Fgfr2, Prox1 and Ccnd1 (Figure 9 ), regulates this process in the lens. Additional studies by ChIP-seq are needed to integrate Gata3, Pitx3 and Prox1 as well as signal regulated transcription factors (e.g. c-Jun, Etv1/ER81, Etv5/ERM and Smads) into the emerging GRNs established here.
The direct regulation of Prox1 by Pax6, coupled with earlier studies of ␤-and ␥ -crystallin gene expression by Prox1 (78, 79, 100) , identifies a parallel positive feed-forward loop with the Pax6/c-Maf/crystallins (23) that together control the crystallin gene transcriptional network (Figure 9 ). Wnt signaling is an important pathway implicated at multiple stages of lens development, though it is obvious that its individual components may vary depending on the precise developmental context. The present data show that Pax6 directly regulates expression of multiple components of Wnt signaling in lens, including Bcl9l, Ccnd1, Dkk3, Lrp6 and Wnt7a, in differentiating lens fibers ( Figure 9C ). Pax6 also regulates a number of genes that play roles in cytoskeletal organization (90) with some of them also regulated by Wnt signaling ( Figure 9D ) as well as ECM proteins, including ␣1-laminin ( Figure 9E ). It remains to be established how these proteins regulate lens fiber cell morphology, including its primary cilium located at apical surface of the elongating fiber cell (101) .
It is noteworthy that the fraction of genes directly regulated by Pax6 seems quite low compared to the number of Pax6-bound genes identified here. It is likely that many of the Pax6 binding sites are actually functional but at different stages of embryonic development such as the lens placode and vesicle formation between E9 and E11.5 of mouse embryonic development, perhaps under different sets of development cues. Although the RNA expression data can be collected from quite a small number of cells, the limiting step in these analyses is recovery of the immunoprecipitated DNA, which is determined by the antibody-antigen interactions and other quantitative parameters such as the fact that even in a single cell, RNAs are present in hundreds or thousands of copies while a specific genomic fragment such as an enhancer is present just as two copies per diploid genome. Thus, to understand which genes are regulated by Pax6 at developmental stages for which only a few hundreds of cells are available, such as the lens placode, a number of technical challenges remains to be addressed.
The current data shed new light on in vivo 'consensus' Pax6-binding site. Three types of DNA sequences, combined with earlier data on protein-DNA contacts between individual DNA-binding subdomains of Pax6 (54) (55) (56) 66, 102) , implicate three partially overlapping DNAbinding mechanisms, including PD alone, a combination of PD/HD, and HD alone. In addition, analysis of all Pax6-bound peaks identified here suggests that approximately 1/6 of these regions contain multiple Pax6-binding sites. The knowledge of in vivo Pax6 sites will aid studies to under-stand Pax6 roles in 'small' tissues such as iris and ciliary body epithelium (103) , olfactory placode (104) and embryonic pituitary gland (105) that are difficult to obtain in quantities sufficient for chromatin studies.
Taken together, our data serve as an entry point to decipher GRNs that control self-renewal and differentiation of radial glial cells, that, when combined with data on Ascl1, Ngn2, Tbr1, Tbr2 and other DNA-binding regulatory proteins (e.g. Hes1 and Hes5), will generate complete wiring of the network underlying early stages of cortical neurogenesis. In lens, there is a relatively short list of top hierarchy (Pax6, Six3 and Sox2) and 'core layer' (e.g. AP-2␣, c-Maf, Gata3, Hsf4, Pitx3, Prox1 and Sox1) transcription factors that need similar level of attention with the respect of identification of their direct targets as we showed here for Pax6. The repetitive use of feed-forward regulatory mechanisms and control of batteries of genes that encode products of terminal differentiation may also involve direct protein-protein interactions and/or functional synergism between Pax6 and its regulated transcription factors, as shown for Pax6 and c-Maf in crystallin gene expression (106) , as well as some evolutionary advantage that originates from this type of genetic 'wiring'.
